The white rot fungus Bjerkandera sp. strain BOS55 produces veratryl, anisyl, 3-chloroanisyl, and 3,5-dichloroanisyl alcohol and the corresponding aldehydes de novo from glucose. All metabolites are produced simultaneously with the extracellular ligninolytic enzymes and have an important physiological function in the fungal ligninolytic system. Both mono-and dichlorinated anisyl alcohols are distinctly better substrates for the extracellular aryl alcohol oxidases than veratryl alcohol. The aldehydes formed are readily recycled by reduction by washed fungal mycelium, thus creating an extracellular H202 production system regulated by intracellular enzymes. Lignin peroxidase does not oxidize the chlorinated anisyl alcohols either in the absence or in the presence of veratryl alcohol. It was therefore concluded that the chlorinated anisyl alcohols are well protected against the fungus's own aggressive ligninolytic enzymes. The relative amounts of veratryl alcohol and the chlorinated anisyl alcohols differ significantly according to the growth conditions, indicating that production of veratryl alcohol and the production of the (chlorinated) anisyl metabolites are independently regulated. We conclude that the chlorinated anisyl metabolites biosynthesized by the white rot fungus Bjerkandera sp. strain BOS55 can be purposefully produced for ecologically significant processes such as lignin degradation.
White rot fungi are an important group of microorganisms responsible for the biodegradation of lignin (4, 33) . Extracellular peroxidases, lignin peroxidase (LiP) and manganese peroxidase (MnP), are involved in the initial attack of the complex aromatic lignin polymer (33) as well as aromatic xenobiotic compounds (20) . Lignin degradation and ligninolytic enzyme production by the model fungus Phanerochaete chrysosporium is a secondary metabolic event triggered by nitrogen, carbon, or sulfur limitation (4, 33) . Concurrently with the production of extracellular peroxidases, P. chrysosponium (37) and several other white rot basidiomycetes (4, 11, 21) produce a secondary metabolite, veratryl alcohol, de novo from glucose. Since it was observed that the addition of veratryl alcohol to the culture broth increases lignin degradation, LiP production, and LiP stability (15, 23, 34, 35) , an extensive discussion over which physiological role(s) veratryl alcohol plays in lignin degradation has been unleashed. Four roles for veratryl alcohol in the ligninolytic system have been proposed. Firstly, the addition of exogenous veratryl alcohol was thought to induce lignin degradation and the production of LiP protein (15, 35) . However, recent research seems to negate this role (6) . Secondly, veratryl alcohol functions to prevent inactivation of LiP by H202 (23, 48) and to convert inactive LiP compound III back to the native enzyme (5) . Thirdly, it has been postulated that veratryl alcohol functions as a charge-transfer mediator between the enzyme and a third substrate (25, 26) . However, this function has not yet been generally accepted (48) . Results obtained with monomethoxy-substituted aromatic substrates (18, 26) , oxalic acid (1, 43) , and polymeric dyes (41) demonstrate that charge-transfer reac-JandeBont@Algemeen.IM.WAU.NL. tions do occur. Furthermore, the formation of activated oxygen species via veratryl alcohol has been confirmed (24, 46) . Lastly, veratryl alcohol functions as a substrate for H202-producing enzymes. Several basidiomycetes, including Trametes (17) , Pleurotus (2, 22) , and Bjerkandera (9, 39) spp., produce aryl alcohol oxidase (AAO). The enzyme oxidizes aryl alcohols, including veratryl and anisyl alcohol, to the corresponding aldehydes with concomitant H202 formation.
White rot fungi of the genus Bjerkandera are interesting ligninolytic basidiomycetes because they possess a high level of polycyclic aromatic hydrocarbon-degrading activity (19, 20) . Bjerkandera spp. produce several extracellular ligninolytic enzymes. The production of three peroxidases, LiP, MnP, and manganese-independent peroxidase (MiP) (10, 32, 50) , and two H202-generating oxidases, AAO (9, 39) and glyoxal oxidase (9), has been reported. Bjerkandera spp. biosynthesize veratryl alcohol and veratraldehyde de novo from glucose, together with anisaldehyde, 3-chloro-anisaldehyde, and 3,5-dichloro-anisaldehyde, and their respective aryl alcohols (11, 12) . In the present study, the physiological role of the chlorinated aromatics is examined. The time-dependent production of the chlorinated aromatics and extracellular oxidative enzymes is monitored. The reactions of the secondary metabolites with two ligninolytic enzymes, LiP and AAO, are investigated, and the proposed purposeful production of the chlorinated aromatics is discussed.
MATERIALS AND METHODS
Fungal culture and growth conditions. Bjerkandera sp. strain BOS55 was isolated from Dutch forest soil samples (9) and deposited in the collection of the Centraal Bureau voor Schimmelcultures (Baarn, The Netherlands). The fungus was routinely grown statically at 30°C in a glucose-peptone medium as described by Kimura in low-nitrogen-content (glucose-BIII) medium (11) . The time course of metabolite production and enzyme activity was measured in 30-ml loosely capped serum bottles containing 5 ml of medium (11) . Enzyme Glyoxal oxidase. The H202-producing activity of the culture broth was determined by a modification of the method of Kersten and Kirk (31) . A 500-ml volume of 12-to 14-day-old extracellular fluid was washed (50 mM KPi, pH 6.0) and concentrated 10-fold by ultrafiltration (Amicon YM10 apparatus). The reaction mixture contained 50 mM KPi, pH 6.0; 10 mM glyoxal; 0.01% phenol red; 10 ,g of horseradish peroxidase (type II) (Sigma, St. Louis, Mo.); and up to 300 ,ul of culture fluid in a total volume of 1 ml. The reaction was stopped after 1 h by adding 50 pul of 2 N NaOH, and then the mixture was assayed for phenol red oxidation at 610 nm against an appropriate blank. The H202-producing activity of the culture broth was also assayed with other oxidase substrates including glyoxalate, glucose, xylose, galactose, cellobiose, anisyl alcohol, acetaldehyde, methanol, formaldehyde, oxalic acid, DL-glycine, DL-alanine, DLglutamate, and DL-aspartate.
Reduction of aldehydes by washed cells. Suspensions of 12-to 14-day-old cells (500 ml) were harvested as described before (8) Purification of AAO and LiP. AAO and LiP were purified by a modification of a procedure described elsewhere (40) .
After filtration and concentration of the enzyme on DEAESepharose CL6B (10), AAO and LiP were separated from other peroxidases by Mono-Q HR 5/5 (FPLC system; Pharmacia) anion-exchange chromatography (0 to 300 mM NaCl in 50 mM KPi, pH 6.0, 40 ml, 0.5 ml min-'). LiP and AAO eluted in the same fractions. More than 95% of both AAO and LiP activities was retained after the anion-exchange step. Gel filtration with Superdex 75 HR 10/30 (FPLC system; Pharmacia) (in a buffer of 0.15 M NaCl in 50 mM KPi, pH 6.0; 0.5 ml min-') separated LiP from AAO.
Synthesis of authentic compounds. 3-Chloro-anisyl alcohol (3-chloro-4-methoxybenzyl alcohol) and 3-chloro-anisaldehyde (3-chloro-4-methoxybenzaldehyde) were synthesized as described before (11) . The synthesis of 3,5-dichloro-anisyl alcohol (3,5-dichloro-4-methoxybenzyl alcohol) and 3,5-dichloro -anisaldehyde (3,5 -dichloro -4 -methoxybenzaldehyde) is described elsewhere (12) .
Instruments. Supernatant (50 RI) was routinely analyzed on a Hewlett-Packard HPLC Chemstation (Pascal series) (Hewlett-Packard, Waldbronn, Germany) equipped with an HP1050 pumping station, an HP1040 M series II diode array detector, and an HP9000-300 data processor. The column (200 by 3 mm) filled with ChromSpher C18-polycyclic aromatic hydrocarbon (5-pum particles) was from Chrompack (Middelburg, The Netherlands). Aromatic metabolites were analyzed with the following gradients at 0.4 ml/min and 30°C:90:10, 0:100, and 0:100 (H20/CH3CN ratios) at 0, 15, and 20 min, respectively. The UV absorbance was monitored at 2-nm wavelength intervals from 210 to 350 nm.
Chemicals. Mycological peptone was from Oxoid (Basingstoke, United Kingdom). Veratryl alcohol (Janssen Chimica, Tilburg, The Netherlands) was vacuum distilled before use. All other chemicals were commercially available and used without further purification.
RESULTS
Production of enzymes and secondary metabolites. It has been shown that white rot fungi of the genus Bjerkandera produce significant amounts of several aromatic compounds both in the laboratory and in the natural environment (11, 12) . In addition to the production of the common fungal metabolites veratryl alcohol and veratraldehyde, the de novo biosynthesis from glucose of anisaldehyde, 3-chloro-anisaldehyde, and 3,5-dichloro-anisaldehyde, and their respective benzyl alcohols, has been reported. To investigate the physiological role of the chlorinated metabolites, the time-dependent production of ligninolytic enzymes and secondary (Fig. 1) . Fig. 1 and 2A reveal that the production of secondary metabolites coincides with the production of AAO. A remarkable increase in the production of veratryl alcohol in the glucosepeptone medium compared to that in the glucose-BITI medium was observed (Fig. 2) . The increased level of veratryl alcohol coincides with the onset of LiP production ( Fig. 1  and 2A) .
After 21 days, all enzymes had low activities (Fig. 1) . To analyze whether the proteins were inactivated or whether they had disappeared from the extracellular fluids, the protein profiles were measured. Figure 3 shows that extracellular protein levels decreased dramatically during the time course. It is possible that intracellular or cell-bound ligninolytic enzymes are still present after 28 days of incubation. To check this hypothesis, 28-day-old cultures were washed with 1 M NaCl or sonicated. In both cases, no significant increases in any of the enzyme activities were detected.
After the removal of low-molecular-weight compounds by ultrafiltration, LiP activities at day 4 were increased more than 50-fold. This effect of LiP activity, increased by the ultrafiltration step, was only seen with the day-4 sample. However, it should be kept in mind that this inhibiting activity can easily lead to misjudgments about the presence of the LiP protein. To determine whether LiP inhibition is caused by compounds already present in the growth medium or by a newly produced metabolite(s), washed supernatant containing LiP was incubated with uninoculated sterile glucose-peptone medium and with the dialysate of 4-day-old culture broth after ultrafiltration. The sterile glucose-peptone medium strongly inhibited LiP activity, indicating that compounds in the fresh glucose-peptone medium cause the inhibition.
Substrate spectrum of AAO. Since the aryl aldehydes were produced together with AAO, the corresponding aryl alcohols were tested as substrates for this oxidase. To discriminate between peroxidase and AAO activities, the AAO enzyme was purified from glucose-peptone medium. be seen ( Table 1 ) that all substituted anisyl alcohols are oxidized by AAO, producing the corresponding aldehydes and H202. The relative activity/Km ratio was almost 300 times higher for 3,5-dichloroanisyl alcohol than for veratryl alcohol and 6.5 times higher for 3,5-dichloroanisyl alcohol than for unsubstituted anisyl alcohol. Veratryl alcohol had the highest Km.
Reduction of aldehydes by whole cells. If aryl alcohols are indeed important for extracellular H202 production, one would expect that the substituted anisyl aldehydes must be recycled by reduction to the corresponding alcohols. Whole cells of a 12-day-old culture (500 ml) were washed with buffer and thereafter incubated with the four aldehydes. All the aldehydes were reduced at comparable rates ranging from 2.1 nmol min-' mg of protein-1 for 3,5-dichloroanisaldehyde to 1.1 nmol min-1 mg of protein-1 for 3-chloroanisaldehyde. As an example, the stoichiometric conversion of 3,5-dichloro-anisaldehyde to 3,5-dichloro-anisyl alcohol is shown (Fig. 4) .
Other extracellular oxidases. To investigate whether AAO is the only extracellular enzyme capable of H202 production, the washed extracellular fluid of a 12-day-old culture (500 ml) was analyzed for other oxidases. With the coupled horseradish peroxidase-phenol red assay for H202 production, a positive result was found with the four sugars tested. Glucose was oxidized with a rate of 20 nmol min-1 ml of supernatant-1. The activities with xylose, galactose, and cellobiose (3.4, 0.6, and 0.2 nmol min-' ml of supernatant-', respectively) were much lower. To compare glucose oxidase activity with AAO activity, the 12-day-old extracellular fluid was also analyzed by the phenol red assay for anisyl alcoholoxidating activity. The fluid had an activity of 3.6 nmol min-' ml of supernatant-'. All the other substrates, including glyoxal, did not stimulate H202 production at all. Reactions of chlorinated anisyl alcohols with LiP. The induction of LiP production coincides only with increased veratryl alcohol production ( Fig. 1 and 2A) and not with the (chloro) anisyl alcohols. However, it is still possible that, like veratryl alcohol, the chlorinated anisyl alcohols are also substrates for LiP. Furthermore, it is known that the oxidation of anisyl alcohol, a poor LiP substrate, is strongly increased by the addition of veratryl alcohol (26, 48) . In Table 2 , the results of the LiP-catalyzed oxidation of the aryl alcohols in the absence and presence of veratryl alcohol are presented. It can be concluded that LiP does not oxidize the chlorinated anisyl alcohols. Unlike the oxidation of anisyl alcohol, the oxidation of these chlorinated anisyl alcohols is not stimulated by veratryl alcohol.
DISCUSSION
This paper has shown that chlorinated anisyl metabolites (CAM) are not just accidentally produced. Aside from their possible antimicrobial activity (42), they may also fulfil an important physiological function in the ligninolytic system of Bjerkandera sp. strain BOS55.
All metabolites are produced simultaneously with the AAO and ligninolytic peroxidases. The dramatic decrease of all ligninolytic enzymes after 10 days of incubation ( Fig. 1  and 3) is probably caused by proteolytic activity. This has also been described for LiP in P. chrysosporium cultures (6, 13, 14) . Both chlorinated anisyl alcohols are, compared with veratryl alcohol, excellent substrates for the extracellular AAO. The addition of chlorine atoms to anisyl alcohol substantially increased the affinity of AAO for the alcohols. The AAO enzymes have also been found in cultures of Trametes versicolor (17) , Pleurotus sajor-caju (2), Pleurotus ostreatus (45), Pleurotus eryngii (22) , and Bjerkandera adusta (39) . It is interesting to note that the AAO of Bjerkandera sp. strain BOS55 has a much lower affinity for veratryl alcohol than the AAOs of the Pleurotus spp. Thus, veratryl alcohol is well protected against unwanted AAOmediated oxidation and thereby is conserved, together with LiP, for its function in Bjerkandera spp. It has been reported that Pleurotus spp. do not produce LiP (2, 22, 45) , and consequently they do not need to conserve their veratryl alcohol levels.
The experiments reported here demonstrate that LiP (33) . The correspondence between the appearances of LiP and veratryl alcohol may indicate that their production is regulated simultaneously. The relative amounts of veratryl alcohol and the chlorinated anisyl alcohols differ significantly according to the growth conditions. We therefore conclude that the production of veratryl alcohol and the production of (chlorinated) anisyl metabolites are independently regulated. The chlorinated anisyl alcohols would not be useful for extracellular H202 production if they are destroyed by the fungus's own aggressive ligninolytic enzymes. Indeed, it was found that LiP cannot oxidize anisyl alcohol derivatives after the addition of electron-withdrawing chlorine atoms. It is known that the addition of veratryl alcohol can increase the oxidation rate of anisyl alcohol (26, 48) . However, the oxidation rate of the chlorinated anisyl alcohols was not improved by the addition of veratryl alcohol. It is anticipated that MnP and other phenol oxidases, with much lower oxidating capacity (30, 44) Reductive enzymes are common in basidiomycetes (27) , and several aromatic acid-and aldehyde-reducing activities have been described, e.g., in Trametes (syn. Polystictus) versicolor (16) and Phlebia radiata (36) . Recently, an intracellular aryl alcohol dehydrogenase from P. chrysosporium was purified and characterized (40) . The enzyme reduced veratraldehyde to veratryl alcohol (2 nmol min-' ml of supernatant-') by using NADPH as a cofactor. Anisaldehyde was also a substrate for this enzyme.
White rot fungi possess several systems for extracellular H202 generation (4, 33) . It was also shown for Bjerkandera sp. strain BOS55, grown in glucose-peptone medium, that at least one other extracellular oxidase active on glucose and several other sugars was produced. Presently, it is not known which glucose oxidase was present. However, the fact that xylose, galactose, and cellobiose were substrates and the relative activities with these substrates indicate that the enzyme may be a pyranose 2-oxidase (syn. glucose 2-oxidase) (28, 49) . Intracellular pyranose 2-oxidase has also been detected in T. versicolor (38) and P. chrysosporium (49) . This enzyme has a rather low affinity (Km around 1 mM) for glucose (38) . P. chrysosporium produces, in addition to several intracellular oxidases (4), extracellular glyoxal oxidase (29, 31) and excretes some pyranose 2-oxidase (7). Substrates for glyoxal oxidase have Kms around 1 mM (29) . Glyoxal oxidase has also been found in Bjerkandera sp. strain BOS55 grown on hemp stem wood (9) ; however, in glucose-peptone medium this enzyme was not detected.
We conclude that the chlorinated anisyl alcohols may have an important physiological function in the ligninolytic system of Bjerkandera sp. strain BOS55. The metabolites are produced simultaneously with the ligninolytic enzymes. In contrast to the four possible roles for veratryl alcohol in the ligninolytic system, the chlorinated anisyl alcohols are good substrates only for extracellular AAO, generating H202 for the peroxidases. The aldehydes formed are readily recycled by reduction to the corresponding alcohols. The physiological function of CAM is outlined in Fig. 5 of wood degradation. AAO has an extremely high affinity for these chlorinated compounds compared with other nonchlorinated substrates for the various extracellular fungal oxidases. We were able to detect high CAM concentrations in wood samples in the close vicinity of B. adusta and fruiting bodies of other white rot fungi (12) . Thus, chlorinated aromatic compounds can be purposefully produced for ecologically significant processes such as lignin degradation.
